Aims. We present VRi photometric observations of the quadruply imaged quasar HE0435-1223, carried out with the Danish 1.54m telescope at the La Silla Observatory. Our aim was to monitor and study the magnitudes and colors of each lensed component as a function of time. Methods. We monitored the object during two seasons (2008 and 2009) in the VRi spectral bands, and reduced the data with two independent techniques: difference imaging and PSF (Point Spread Function) fitting. Results. Between these two seasons, our results show an evident decrease in flux by ≈ 0.2-0.4 magnitudes of the four lensed components in the three filters. We also found a significant increase (≈ 0.05-0.015) in their V − R and R − i color indices. Conclusions. These flux and color variations are very likely caused by intrinsic variations of the quasar between the observed epochs. Microlensing effects probably also affect the brightest "A" lensed component.
Introduction
In the framework of the MiNDSTEp (Microlensing Network for the Detection of Small Terrestrial Exoplanets) campaign (Dominik et al. 2010) , which has as a main target the systematic observation of bulge microlenses, we developed a parallel project concerning photometric multi-band observations of several lensed quasars 1 . In the present paper we focus on HE0435-1223 (see Fig. 1 ), a QSO discovered by Wisotzki et al. (2000) in the course of the Hamburg/ESO digital objective prism survey, and confirmed to be a quadruply imaged quasar by Wisotzki et al. (2002) . The lensing galaxy was initially identified as an elliptical with a scale length of ≈ 12kpc at a redshift in the range z = 0.3-0.4. The time delays between the four images (labeled "A", "B", "C", "D", starting from the brighter one and proceeding clockwise) of the quasar were estimated around 10 days, and the quasar itself showed some signs of intrinsic variability (Wisotzki et al. 2002) . More recently, the value of the redshift for the lensing galaxy was estimated as z = 0.44 ± 0.20, and the quasar redshift was confirmed to be z = 1.6895 ± 0.0005, with a ∆z between the components of ≈ 0.0015 rms (Wisotzki et al. 2003) . These spectrophotomeric observations showed some possible signature of microlensing effects in the continuum and in the spectral emission lines for the "D" component. Morgan et al. (2005) provided milliarcsecond astrometry, revised the value of the lens redshift at z = 0.4546 ± 0.0002 with the Low-Dispersion Survey Spectrograph 2 (LDSS2) on the Clay 6.5m telescope, and studied the galaxy environment of the lens, because it is located in a dense galaxy field. The results do not show any evidence of a cluster for the considered galaxies. However, the nearest galaxies (G20, G21, G22, G23, and G24 in Fig. 2 ) whose redshifts were not measured, left this scenario open. Nevertheless, the results of a deep investigation concerning the direction of an external shear in the gravitational field of the lens do not show an evident correlation with the position of the near galaxies. As a remaining explanation, Morgan et al. Morgan et al. (2005) . The contrast, on a negative scale, was selected to improve the visibility of the galaxies. The image is a median of the three CCD frames collected on 2008 August 8.
(2005) suggested the presence of substructures in the lensing galaxy. The first systematic monitoring, which was performed in the R filter and covered the years between 2003 and 2005, was carried out by Kochanek et al. (2006) : that paper provided astrometric measurements compatible with the previous works, measured the time delays between the images (∆t AD = −14.37, ∆t AB = −8.00, and ∆t AC = −2.10 days, with errors respectively of 6%, 10% and 35%), and finally confirmed the lensing galaxy as an elliptical with a rising rotation curve. Furthermore, Mediavilla et al. (2009 ) observed HE0435-1223 in the framework of a monitoring of 29 lensed quasars, and attributed eventual microlensing events to the normal stellar populations, while Blackburne & Kochanek (2010) focused on the quasar itself, applying a model with a time-variable accretion disk to the object. Mosquera et al. (2010) found clear evidence of chromatic microlensing in the "A" component, and provided an estimate of the disk size in the R band in agreement with the simple thin-disk model. used the chromatic microlensing to model the accretion disk, and Courbin et al. (2010) recalculated the time delays with N-body realizations of the lensing galaxy, which he thought to belong to the "B component" (∆t BA = 8.4, ∆t BC = 7.8 and ∆t BD = 6.5 days with errors of 25%, 10%, and 11% respectively). Considering multicolor observations of other lensed quasars, a single-epoch multiband photometry was used on MG0414+0534 to constrain the accretion disk model and the size of the emission region in the continuum Floyd et al. 2008) . A multi-epoch multi-band photometry, carried out during several years, was used for the quasar Q2237+0305 by Koptelova et al. (2006) , who observed the object during five years (1995) (1996) (1997) (1998) (1999) (2000) in the VRI bands. Anguita et al. (2008) combined these data with OGLE observations. Mosquera et al. (2009) monitored the object in eight filters and found evidence for microlensing in the continuum, but not in the emission lines. Furthermore, Q2237+0305 was the object of deep studies focused on the lens galaxy (Poindexter & Kochanek 2010b) , and on the inclination of the accretion disk (Poindexter & Kochanek 2010a) . Another example of multi-epoch multi-band observations is given by UM673/Q0142-100, observed in the Gunn i and Cousins V filters between 1998 and 1999 (Nakos et al. 2005 and in the VRI (Koptelova et al. 2009 ). Unlike for these objects, no systematic multi-band photometry has ever been carried out for HE0435-1223.
Here, we present two periods of multi-band photometric observations of HE0435-1223, performed in the VRi spectral bands with the Danish 1.54m telescope at the La Silla Observatory. In Sect. 2 we explain how the observations were carried out; in Sect. 3 we focus on the data reduction, and we describe the two independent techniques: difference imaging and PSF (Point Spread Function) fitting, that were used to construct the light curves. In Sect. 4 we present the results. Finally, in Sect. 5 we summarize the conclusions.
Observations and pre-processing
We observed HE0435-1223 during two seasons (2008 and 2009) with the Danish 1.54m telescope at the La Silla Observatory. We used the DFOSC instrument (Danish Faint Object Spectrograph and Camera) for imaging and photometry, with a 2147 × 2101 CCD device, covering a 13.7 ′ × 13.7 ′ field of view with a resolution of 0.39 ′′ /pixel. The gain of the device is 0.74 electron/ADU in high mode, while the read out noise in this mode is 3.1 electrons (Sørensen 2000) . The data were collected in three different filters: Gunn i, Bessel R and Bessel V (see Table 1 and Fig. 3 ). We worked with a very homogeneous dataset consisting of 180s exposures. For almost every night of observation, we also collected bias images and dome flat-fields, which were already treated in loco using an automatic IDL procedure, part of the MiNDSTEp pipeline for the observation of bulge microlenses. We then obtained master flat-fields for the different filters and master biases. When these images were not present for the desired date, we coupled the most recent set of master bias and master flat-fields to our science dataset, in the phase of pre-processing. We collected a total of 391 images during the 2008 season, and 160 images in 2009. The images were pre-processed (de-biased and flat-fielded), and we used particularly the dome flats. To erase the possible residual halos caused by the inhomogeneous illumination, the sky background was subtracted fitting a 4 th degree surface after 2 Information available on the Internet at http://www.eso.org/lasilla/telescopes/d1p5/misc/dfosc_filters.html 
Data reduction
As a first step, we chose four stars near HE0435-1223, labeled "R", "S", "T" and "U" in Fig. 1 , to search for a stable reference star. We examined the ratios between the fluxes of these stars in the V band as a function of time, to possibly detect some photometric variations between the two seasons. For the calculation of the ratio between the fluxes of two selected stars we applied the PSF fitting method that was also subsequently used on the gravitational lens system itself. While using this method, we superposed the image of the first star over the fixed image of the second star as shown in Fig. 4 . The red and black grids represent the images of the first and the second star, respectively. The big dots correspond to the knots for which the counts are known. The values p(x, y) and S correspond to the counts for each knot of the first and the second star, respectively. To perform a precise fitting we needed to superpose these images with an accuracy better than 1 pixel. When this was done, the knots of both images did not perfectly coincide with each other as shown in Fig. 4 . Therefore we had to calculate intermediate values, for example p(x, y), which we could compare with the value S at the same point. For that we used bicubic interpolation (Press et al. 1992 ). The intermediate value p(x, y) is expressed by the polynomial
To derive the values of the 16 coefficients a i, j we resolved this set of equations for 16 knots around the considered point p(x, y). They are shown as red dots in Fig. 4 . With this coefficient matrix a i, j we could derive p(x, y) at any point. For the fitting of both images we minimized the quantity
which is the sum over all knots k of the first star image; A is the ratio between the total flux of the second and the first star, ∆x and ∆y are the relative shifts (fractions of a pixel) between the two superposed images. Before the first iteration, we set the three parameters A, ∆x and ∆y within reasonable ranges. We derived the light curves for the reference stars as magnitude differences and calculated the average difference and standard deviations for the two epochs (see Table 2 ). Obviously the stellar pairs with the star "R" in Table 2 show on average the smallest differences between the two epochs. Moreover the light curves of the "R" star shows on average the least standard deviation σ (see Table 2 ), and we may reasonably assume that star "R" is the most stable reference star between the two seasons. Therefore we chose star "R" as the reference for all subsequent photometric zero point determinations. Table 2 . Average V magnitude differences between the two epochs for the four stars near HE0435-1223. The magnitude of the reference star was taken from the USNO-B1.0 catalog for the i and R filters (16.27 and 16.33 respectively), and from the NOMAD1 catalog for the V filter (17.04). The light curves for the four components of the gravitational lens system were then calculated with two independent methods treated below: difference imaging and PSF fitting.
Difference imaging method
The aim of the difference imaging technique is to subtract from each image of our field (indicated as "frame" in the following) one image of the same field (called "reference frame") taken at a different time under the best seeing conditions. This operation produces a set of subtracted frames where only the relative flux variations between the two images (generic frame and reference frame) are visible. Performing aperture photometry on these subtracted frames, and in particular at the positions of the lensed QSO components, we derived the light curves of the four lensed components. However, differences in seeing, focus, and guiding precision between frames collected at different times may produce variations in the shape of the PSF: trying the subtraction without additional operations would produce high residuals caused by potential PSF slope variations. Several methods have been developed to force the PSF of the images to match (Alard 1999 (Alard , 2000 . These methods are particularly useful in crowded fields such as the galactic bulge, but are less succesful in sparse fields. In this paper we adopt the method proposed by Phillips (1993) which was already successfully applied by Nakos et al. (2005) and is based on FFT (Fast Fourier Transform).
If r is the reference frame and f a generic frame, then f = r ⊗ k, where k is the convolution kernel describing the differences between the PSF, which are unknown, and ⊗ indicates the convolution product. In the Fourier space, the previous equation can be noted as F = RK, where F, R and K represents the Fourier transform (F ) of the generic frame f , the reference frame r, and the convolution kernel k. Then k = F −1 (F/R). Phillips (1993) considers the limits of this technique and the solutions adopted to avoid problems with background and highfrequency noise.
We normalized the frames in flux by fixing the magnitude of the reference star in each filter with the values of the catalogs mentioned above. Then we used the difference imaging method on the normalized frames. With this technique, all the not variable objects in the field disappear, which allows us automatically to suppress the contribution of the lensing galaxy, which is an extended and photometrically constant object.
To obtain the light curves, we performed aperture photometry of the residuals, using the positions of the selected reference star and of the lensed components previously derived. But we found for the 2009 images a weak linear dependence between the magnitude and the seeing, which we removed after calibrating this effect.
The procedure described in this paragraph is based on a code developed by our team, written in Python.
The results for the three filters are shown in the left column of 
PSF fitting method
We also decided to calculate the light curves using PSF fitting as an independent method, which we previously employed to determine the most adequate reference star.
For the fitting of the lens system we used the image of star "R" as the PSF reference. Then we fitted each frame with five adjustable PSF for the four lensed quasar images and the lensing galaxy, taking the relative astrometric coordinates between the components from Kochanek et al. (2006) . Note that the faint lensing galaxy is barely resolved on direct HST CCD frames (Morgan et al. 2005) 3 . Therefore, it is legitimate to model it with the PSF of our ground-based observations. In this way we had seven free parameters: ∆x, ∆y (coordinates of the gravitational lens system with respect to the reference star "R"), and the central fluxes of the five components. After minimization of the squared differences between the fluxes of the real lens system image and the simulated image with the five PSF, we derived the seven best-fitting parameters. We used bicubic interpolation for the superposition of the CCD frames to achieve results better than 1 pixel according to our description in Sect. 3. To construct the light curves, we calculated the flux ratios between each component and the reference star "R". 
Results
Both methods show a significant decrease in flux of the four lensed components between the 2008 and 2009 seasons. The estimated amounts of the decrease are coherent between the two methods (see Fig. 6 ). In order to estimate this decrease, we measured the mean and the σ for each component in each filter. The average values for the magnitudes and rms for each component, each filter and the 2008 and 2009 seasons, are reported in Table 3 . Specifically, all the four components show a decrease by ≈ 0.2-0.4 magnitudes in each of the filters, although we notice a slightly larger amplitude for component "A" in the V band.
The corresponding values expressed in sigma units show a shift between ≈ 11.3σ and ≈ 13.7σ in the V band, except for component "A", which shows a decrease by ≈ 26.3σ. In the R and i filters, the shift is between ≈ 6.5σ and 7.5σ, except for component "A" (≈ 15.0σ and ≈ 9.8σ respectively) and component "C" in the R band (≈ 12.0σ).
For the fraction of nights when the object was observed in all VRi filters, we were able to build the color-color diagram (V − R vs. R−i) for the four components. The results are shown in Fig. 7 . With the same technique used to estimate the decrease in flux, we also found a significant increase (≈ 0.05-0.015) for the color indices V − R and R − i between the two observing seasons. The details are given in Table 4 . In particular, component "A" shows the largest shift in color.
The corresponding values expressed in sigma units show a shift in color between ≈ 1.3σ and ≈ 2.0σ for the color indices V − R and R − i, except for component "A" (3.40σ in V − R and 3.1σ in R − i). Given the short time delays (Kochanek et al. (2006) ) and because we expect microlensing to lead to uncorrelated flux variations between the four lensed components, these results support the assumption that the observed magnitude and color variations are very likely caused by intrinsic variations of the QSO, while the lensed "A" component is probably also affected by microlensing.
As a complementary approach, we decided to construct two "global i" light curves to better understand the nature of these different variations in flux and color index. To construct the first one, we superposed the light curves of the four components by subtracting from "B", "C", and "D" their average 2008 difference in magnitude with respect to the "A" component, and we corrected the data for the time delays provided by Kochanek et al. (2006) (i.e, we applied to the components a shift in the MJD corresponding to the time delays). Then, we superposed the obtained curves (one for each filter) by subtracting from the R and the V light curves the average 2008 R − i and (R − i) + (V − R) color indices, respectively. The goal of this first "global i" light curve is to visualize how the spreads in magnitude and colors evolve between the epochs. The results are shown in Fig. 8 (upper light curves) . To construct the second "global i" light curve, we repeated the same procedure, but subtracted from the 2008 data of "B", "C" After these superpositions, we observe in 2008 a scatter in the data (see Fig. 8 ) significantly larger than that of the individual light curves (see Fig. 5) ; and in general a difference in scatter between the two epochs that we attribute to intrinsic variations of the quasar both in magnitude and color. We also observe a slight brightening of the lensed quasar in 2008, followed by a significant decrease in 2009. Our observations corroborate those recently reported by Courbin et al. (2010) . Referring to the PSF-only fitting method, we were also able to estimate the magnitude of the lensing galaxy as 19.87 ± 0.10 in the i band; 20.47 ± 0.13 in the R band; and 21.89 ± 0.24 in the V band. Furthermore, no significant changes in the magnitude of the lensing galaxy were observed between the two epochs. Our results for the V and i filters are coherent with those of Wisotzki et al. (2002) and Morgan et al. (2005) . Proceeding in the same way, we did not find any evident colorshift for the lensing galaxy: we find a value of 1.47 ± 0.33 and 1.36 ± 0.21 for the V − R color index in 2008 and 2009, respectively; and 0.59 ± 0.17 and 0.61 ± 0.14 for the R − i color index. The stability of the flux of the lensing galaxy over the two epochs enforces the validity of our PSF fitting software. We find that appreciably larger photometric error bars derived for the lensing galaxy are essentially caused by its faintness (V ≈ 21.9) compared with the four lensed components (V ∈ [18.4, 19 .5]).
Conclusion
Systematic multi-spectral band photometry of the quadruply imaged quasar HE0435-1223, carried out during two seasons (2008 and 2009) , shows a significant decrease in flux of the four lensed components between the two epochs. The drop in flux observed for the four lensed components between 2008 and 2009 is very likely caused by a change in the intrinsic luminosity of the quasar. This corroborates the previous studies of the HE0435-1223 gravitational lens system by Kochanek et al. (2006) and Courbin et al. (2010) . Concerning the color variations, the intrinsic reddening of a quasar when it becomes fainter in luminosity is an effect already observed in previous studies (Pereyra et al. 2006) , and the same trend probably accounts for the similar observed changes in the colors of the four lensed components of HE0435-1223. This hypothesis is enforced if we suppose that the intrinsic photometric quasar variations in the different colors are not synchronized, which provides an explanation for the differences in scatter between the epochs (see Fig. 8 ). Microlensing probably provides the additional effect necessary to account for the higher flux variation observed for the "A" component. The presented observations also show that a well sampled multiband photometry can help in distinguishing the nature of the variability of multiply imaged objects, in particular gravitationally lensed quasars.
We suggest to couple this technique in the future with integral field spectroscopy to provide an additional way for an even more detailed investigation of the observed phenomena. 
